Abstract: A silicon-based n-p-n-type hybrid plasmonic modulator operating at telecom wavelength of 1550 nm is theoretically investigated in this paper. The proposed modulator is dependent on the integration of a 1-m-long n-p-n-type Al/p-Si hybrid plasmonic waveguide with Si waveguides. It is demonstrated that when the p-type silicon is highly doped, it shows metal-like properties which can support the propagation of surface plasmon polariton waves. The simulation results show that the output power of TE (TM) mode decreases from −7.6 dB (−2.5 dB) to −31.5 dB (−7.5 dB) when the Al stack is 0.2 m high and the carrier concentration in p-Si is set to be 1 Â 10 21 cm À3 , which is achieved with a voltage increase from 0 to 1.2 V. Such a plasmonic modulator not only depends on the propagation loss due to electroabsorption effect but takes advantage of the coupling loss raised by modal mismatch as well, which leads to a high modulation efficiency.
Introduction
Ultra-compact, high-speed, and power-efficient modulators based on silicon-on-insulator (SOI) platforms have become the focus of latest research on integrated optics [1] - [3] due to the urgent demands for massive data transfer and processing [4] . The rapid development of complementary metal oxide semiconductor (CMOS) technology has paved the way for monolithic integration of electronics with photonics, which makes it possible for the realization and improvement of sub-micron integrated opto-electronic devices. Most of the silicon based optical modulators that appeared currently [5] were dependent on the electro-induced alternation of refractive index in silicon because of carrier injection/accumulation/depletion. Among these devices, Mach-Zehnder interferometer (MZI) modulators [6] - [13] and micro-ring resonators (MRRs) [14] - [22] have shown great promise for the application in optical communication networks. Meanwhile, non-resonant integrated electro-optical devices, e.g., Si EA modulators, attain more and more attentions owning to their simple structure and small size. Recently, besides high speed Ge EA modulators [23] - [25] , SOI compatible GeSi EA modulators with up to 40 GHz have been demonstrated in the C-band [26] - [30] .
Surface plasmon polariton (SPP) offers a solution for the miniaturization of optical modulators by breaking the diffraction limit [31] , [32] and providing an effective way to achieve the combination of optical circuits with electrical signals [33] . Opto-electronic devices can acquire small footprint and high operation efficiency by integrating metallic architectures with silicon waveguides on SOI substrate, which not only allows SPP waves to replace optical signals but makes use of the electrical properties of silicon as well [34] . Various kinds of plasmonic waveguides such as Si based dielectric-loaded SPP waveguides (Si-DLSPPWs) [34] , Si based hybrid plasmonic waveguides (Si-HPWs) [36] , [37] , and Si based plasmonic slot waveguides [38] , [39] have been proposed so far. In addition, it was reported that plasmo-electronic integrated circuits can also be realized by adopting highly doped silicon and metallic silicides [40] . These studies have provided a sufficient basis for the implementation of silicon based plasmonic modulators, which is mainly dependent on the metal-oxide-Si structure, i.e., "plasMOStor" [41] . As reported by Zhu et al. [42] , MZI modulators with low switching power and short propagation length can be fabricated by MOS-type plasmonic slot waveguides. On this basis, EA modulator based on Cu/SiO 2 /Si/ SiO 2 /Cu nanoplasmonic slot waveguides was proposed and investigated [43] . At present, the latest reported EA plasmonic modulators could simultaneously achieve compact size (1 m-long), low V pp (6 V), large modulation depth (20 dB), and bandwidth (11 GHz) [44] .
In this paper, an SOI compatible Al/p-Si hybrid plasmonic modulator operating at 1550 nm, which is composed of Al electrodes and n-p-n type waveguide, is studied with theoretical calculations. The configuration of such waveguide is n-Si/p-Si/n-Si, in which the p type silicon is heavily doped while the n type silicon is doped moderately. In our model, the p-Si stripe functions as a ENZ ("-near-zero) layer [45] , where carrier concentration is kept high enough to support SPP waves. Compared with surface plasmon polariton diodes (SPPDs) [46] , such plasmonic modulator could operate at telecom wavelengths. On the other hand, the distribution and effective index of SPP modes are sensitive to the variation of carrier concentration in n-p-n junction. In addition to the propagation loss induced by EA effect, the coupling loss caused by modal mismatch can be controlled within a range, which is helpful to improve the modulation efficiency. Moreover, the thermal effect on the performance of Al/p-Si hybrid plasmonic modulator is involved in the simulation. It is found the modulation depth of TE mode is much larger than that of TM mode. Thus, the proposed device has a potential for the application of a integrated TE mode EA modulator, as well as a tunable TM-pass on-chip polarizer.
Modulator Design
As shown in Fig. 1(a) , an optical fundamental TE/TM mode propagates in a conventional singlemode Si waveguide ðwidth Â height ¼ 300 Â 200 nm 2 Þ and then excites SPP modes in the Al/p-Si HPW through face-to-face coupling. The n-p-n junction consists of a highly doped p-type rectangular silicon core embedded between two lowly doped n-type silicon stripes on a 1.5-m thick SiO 2 buffer layer. The width of p-Si and n-Si stripes are, respectively, 100 and 700 nm, and both of their heights are 200 nm. The cathodal electrodes are designed to be connected with the side walls of n-Si stripes, relieving the impacts of metallic absorption on SPP modes. From Fig. 1(b) , we can see the electrode pins are in contact with p-Si and n-Si directly through Al stacks. This structure is beneficial for the achievement of simple fabrication process and small resistance. In addition, the Al stack deposited on the top of the highly doped p-Si can help to enhance the confinement of SPP modes. The upper cladding layer is ZPU-44 polymer with perfect light transmittance. The refractive indices of ZPU-44, SiO 2 , Si, and Al at the wavelength of 1550 nm are 1.44, 1.446, 3.48, and 1.514 þ 15.234i, respectively. The distribution and effective index of SPP modes change with the variations of complex permittivity in p-Si and n-Si, affecting the propagation and coupling loss in the modulator. After modulation, the SPP modes convert back to the optical modes in the output silicon waveguide.
Theoretical Analysis
The operation of silicon-based EA modulators usually relies on free carrier plasma dispersion effect, which is the most common way to vary refractive index of semiconductors. It describes the relationship between the change of refractive index ðÁnÞ, as well as absorption coefficient ðÁÞ, and the variation of electron and hole concentrations (ÁN e and ÁN h ). The empirical relations concerning the variation of silicon's refractive index at 1550 nm follows [47] :
The above relations are only suitable for low doping conditions. When the carrier concentration in silicon is extremely high (≫10 18 cm −3 ), the real part of relative permittivity of Si will approach the negative value.
In this paper, the highly doped p type silicon is assumed to be P (or B) dopants in the range of 10 À20 $ 10 À21 cm À3 . The SPP properties such as propagation length, complex effective mode index, and spatial mode confinement factor are mainly dependent on the waveguide structure and dielectric constant of Si. The permittivity of highly doped silicon at telecom wavelengths is based on Lorentz-Drude model
where ! p is the plasma frequency, and is the electron/hole relaxation time. For highly doped degenerate intrinsic semiconductors, the plasma frequency ! and d eff the averaged electron/hole effective mass. In general, the angular frequency ! ) ! p , and ! ) 1. Therefore, (3) can also be written as
Here, is the conductivity of doped silicon, and % eN. e is the value of electron charge, and " 0 is the permittivity of free space. What's more, ¼ 50 cm 2 =ðV Á sÞ, and m eff % m 0 , where m 0 is the electron mass. Owing to the extreme high carrier concentration, the dielectric-like optical property of silicon is weakened, and its real part of original permittivity " 1 decreases to nearly 1. The real and imaginary parts of " Si as a function of hole concentration at wavelengths of 1540, 1550, and 1560 nm are plotted in Fig. 2 . It is observed that when the carrier concentration in p-Si exceeds 4:5 Â 10 20 cm À3 , it will show the metal-like properties at telecom wavelengths, which can be utilized to support SPP waves.
Electrical Properties
The operation of Al/p-Si hybrid plasmonic modulator is related with the electrical properties of n-p-n junction closely. In our work, the electrical, thermal, and optical simulations were conducted by using the finite element method (FEM) of COMSOL Multiphysics. In the semiconductor module, the doping type and concentration in the n/p-type silicon are based on analytic doping model. Therefore, the highly doped p-Si and two lowly doped n-Si are uniformly doped with acceptors and donors. Moreover, the Fermi-Dirac (F-D) statistical model and the Shockley-HallRead (SRH) model are used to analyze the carrier distribution and movement in the n-p-n junction under external electrical field. In addition, the contact between aluminum and doped silicon is considered to be an ideal ohmic contact. The donor concentration N d in n-Si is set to be nearly 1 Â 10 15 cm À3 . Based on these parameters, the electrical properties of n-p-n junction with the carrier concentration N 0 in p-Si of 5 Â 10 20 , 7:5 Â 10 20 , and 1 Â 10 21 cm À3 were studied, respectively. Fig. 3 (a) displays I-V characteristics of n-p-n junction with different carrier concentrations in p-Si. It is found the leakage currents for the p-type carrier concentrations of 5 Â 10 20 , 7:5 Â 10 20 , and 1 Â 10 21 cm À3 ascend from 0 to 0.36, 0.44, and 0.5 mA, respectively, with the applied voltage increased from 0.8 to 1.2 V. Since the electrical and optical properties of Si, SiO 2 , and ZPU-44 are sensitive to the temperature variation, the current-induced Joule effect may affect the operation of modulator. The relationship between temperature rise and applied voltage has been shown in Fig. 3(b) . It is found the temperature of n-p-n junction starts to increase when the voltage exceeds 0.8 V. Moreover, the heat generated by n-p-n junction grows with the increase of carrier concentration in p-Si, which is accompanied by the current rise. Besides, it should be noted that the electron/hole mobility in lowly doped n-Si is more sensitive to the temperature variation, which can be found in [48] . Obviously, a low voltage is preferred for the application to avoid thermal effect.
The applied voltage is assumed to be increased from 0 to 1.2 V with a ramp time of 1 ps. As shown in Fig. 4(b) and (c), the holes in p-Si diffuse into the bilateral n-Si with the increase of voltage, leading to the change of refractive index and absorption coefficient in n-Si. The variations of hole concentration for three doping levels as a function of time in n-Si have been shown in Fig. 4(a) . The rise time for 10%-90% variation is nearly 1.4 ns when the carrier concentration in p-Si is 5 Â 10 20 cm À3 . Once the applied voltage is removed, the fall time for 90% À 10% N h variation in n-Si is estimated to be 50 ps, which is far less than the rise time. Furthermore, the rise time of 1.5 and 1.7 ns and the fall time of 55 and 60 ps are obtained with the carrier concentrations of 7:5 Â 10 20 and 1 Â 10 21 cm À3 in p-Si, indicating that the rise/fall time increases with the doping level of p-Si rising.
Performance Characteristics
In our study, direct coupling method is adopted to make the optical modes couple from silicon waveguide to Al/p-Si HPW and then back to output silicon waveguide, which is calculated at the wavelength of 1550 nm by 3-D finite difference time domain (FDTD) method. Fig. 5(a)-(d) shows the simulation results of the insertion loss (IL) and extinction ratio (ER) for TE and TM mode as a function of Al stack's height with different carrier concentrations in p-Si. It is found the IL descends while the ER ascends with the increase of carrier concentration. For Al/p-Si hybrid plasmonic modulator, the IL for TE mode is larger than that for TM mode within the range of Al stack's height from 0.1 to 0.3 m. Moreover, the modulation depth of TE mode is much larger than that of TM mode, which can be explained by the reason that TE mode in the Si waveguide can couple into the Al/p-Si HPW more efficiently. As shown in Fig. 5(c As shown in Fig. 6(b) , there is a significant temperature rise in the upper/lower cladding, Al electrodes, and n-p-n junction with the voltage rising from 0.8 to 1.5 V. The effect of heat can't be totally neglected because the adopted materials also have thermo-optic properties. Here, the thermo-optic coefficients of Si, SiO 2 , and ZPU-44 are 1:86 Â 10 À4 , 1:2 Â 10 À5 , and À1:8 Â 10 À4 =K. The dispersion and attenuation relations of the fundamental SPP mode as a function of voltage are illustrated in Fig. 6(c) . Because the fundamental SPP mode is mainly confined in the bilateral n-Si stripes [see Fig. 6(a) ], its propagation constant and absorption coefficient are dependent on the variation of carrier concentration in n-Si. Besides, the carrier mobility descends with the increase of temperature, leading to a decrease of conductivity in doped silicon. According to (4), the temperature rise will induce a slight increase of refractive index in p-Si and n-Si, so the actual propagation constant of SPP mode is slightly larger than that without consideration of heat. In addition, the absorption for SPP mode is weakened because of the heat induced diminish of imaginary part of complex permittivity in n-Si. Thus, the actual absorption coefficient of SPP mode is less than that without consideration of heat. However, the heat induced fluctuations of propagation constant and absorption coefficient of SPP mode are below 5% in the voltage range from 0.8 to 1.5 V, and the lower voltage is applied, the smaller fluctuations can be acquired. Therefore, the role of thermal effect on the operation of modulator can be limited by the applied voltage, which is less important than EA effect in our study. Fig. 6(d) indicates the distribution and intensity of the fundamental SPP mode in Al/p-Si HPW with different applied voltages. It can be seen that the distribution and intensity vary little when the applied voltage is less than 0.9 V for there are few variations of carrier concentration in the n-p-n junction. Once the voltage is increased above 0.9 V, there is a considerable drop of electric field intensity in SPP mode as a result of the strong absorption induced by hole, but the hole concentration in n-Si approaches saturation during the process of voltage rise, which is why the decline of electric field intensity in SPP mode with the voltage increased from 1.3 to 1.7 V is much smaller than that with the voltage ascending from 0.9 to 1.3 V.
In Fig. 7(a) , it is observed the reflection occurs when the TE mode propagates from Si waveguide into Al/p-Si HPW because of refractive mismatch. As shown in Fig. 7(b) , the return loss of TE mode is about 8 dB in the case of 0 V, which rises to nearly 11.6 dB when the voltage ascends to 1.2 V. The increase of return loss indicates the reflected power becomes less due to the decrease of refractive index difference between two waveguides. However, the transmittance of TE mode ascends from 75.25% to 76% when the voltage is varied from 0.8 to 1 V, while it then descends to 74.1% with the voltage further increased to 1.6 V. In this paper, the transmittance is used to describe how much power propagate into the Al/p-Si HPW. In addition to return loss, it is also affected by the optical scattering occurring at the interface between Si waveguide and Al/p-Si HPW. It is believed the scattering loss increases a lot with the voltage rising from 1 to 1.6 V because of the enlargement of refractive index difference between n-Si and p-Si. The total loss of modulator is composed of two parts: propagation loss and coupling loss. From Fig. 7(c) , it is found the propagation loss caused by EA effect plays a main role in the modulation. Furthermore, when the applied voltage is increased from 0.8 to 1.2 V, the coupling loss due to modal mismatch gets larger, which is helpful to enlarge the modulation depth. Fig. 7(d) plots the transmission of TE and TM mode with the voltage rising from 0 to 1.5 V. It is observed the polarization extinction ratio (PER) between TE and TM mode is only 5 dB when there is no applied voltage, which then rises to about 25 dB as the voltage exceeds 1.2 V.
A single TE/TM mode lightwave at 1550 nm is assumed to be launched into the modulator. Fig. 8(a) depicts that the output power of TM mode doesn't vary a lot with the voltage rising to 1.2 V, which only decreases from −2.5 to −7.5 dB. As Fig. 8(b) shows, the TM-excited mode in the Al/p-Si HPW mostly distributes in the upper/lower cladding and the boundary of Al stack. Therefore, it is less sensitive to the variation of carrier concentration in n-p-n junction. In Fig. 8(c) , we can see there is a great difference in optical outputs for the applied voltage of 0 and 1.2 V, indicating a large modulation depth can be obtained under the TE excitation. From Fig. 8(d) , it is observed only the fundamental SPP mode is excited in the Al/p-Si HPW due to the lack of E y field. When the voltage is increased from 0 to 1.2 V, the absorption and radiation for the fundamental SPP mode are enhanced. It is also found some minor modes supported by Al stack remain at the interface between the output port of Al/p-Si HPW and Si waveguide, which can hardly convert back to the TE mode. So the electro-induced absorption for TE mode can be realized by such plasmonic modulator, which can also be used to control the polarization state (TM-pass) with a low driving voltage.
The bandwidth of Al/p-Si hybrid plasmonic modulator is mainly limited by the hole transit time, which can be acquired through the study on the dynamic characteristics of n-p-n junction [see Fig. 4(a) ]. As depicted in Fig. 9(a) , by recording the optical amplitude change of the output signal at different frequencies, a −3 dB cutoff frequency for TE mode is calculated to be 2 GHz with an applied voltage of 1.2 V. To further analyze the dynamic characteristics of such EA modulator for TE mode, it is assumed an electrical clock pulse train (i.e. On-Off-Keying signal) with a voltage of 1.2 V is applied onto the Al electrodes. In Fig. 9(b) , it is observed the output signal retains high response speed and large modulation depth through a long time modulation with an electrical frequency of 0.1 GHz. The modulated optical signal reveals good repeatability, of which fall/rise time is nearly 0.8 ns/38 ps.
Conclusion
We proposed and theoretically investigated a plasmonic modulator based on n-p-n type Al/p-Si hybrid structure. It is demonstrated that the ER of approximately 25 dB for TE mode can be obtained by such plasmonic modulator. Moreover, the output power of TM mode decreases slightly at the "OFF" state of TE mode, indicating only TM mode can pass after modulation.
Some advantages such as short modulation length (1 m), moderate modulation frequency (2 GHz), low driving voltage (1.2 V), large modulation depth for TE mode (25 dB), and obvious polarization ER (> 20 dB) are obtained with the carrier concentration in p-Si of 1 Â 10 21 cm À3 . On the other hand, the proposed structure can be integrated with the conventional Si waveguides or electronic components on SOI platform, which is compatible with the CMOS fabrication process. Meanwhile, the simulation results show that the operation of device is reliable and repeatable, which is affected little by the temperature variations. In addition, some other semiconductors such as ITO, SiGe can be remarkable candidates to take place of Si in the fabrication of such an HPW. Overall, the Al/p-Si hybrid plasmonic modulator has showed an appetizing prospect for the on-chip multi-functional integration of high performance EA modulator and tunable TM-pass polarizer.
